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Introduction
Maternal stress during pregnancy "programs" the offspring's brain, altering physiology and behavior in later life. The hypothalamo-pituitary-adrenal (HPA) axis is particularly sensitive to programming (Harris and Seckl, 2011) , which may link fetal programming and increased susceptibility of offspring to adulthood cardiometabolic and neuropsychiatric pathologies (Barker et al., 1993; Seckl, 2004; Entringer et al., 2008; Weinstock, 2008) . We have reported enhanced HPA axis responses to acute psychological (restraint) and physical (interleukin-1␤; IL-1␤) stressors in adult male and female offspring born to rats exposed to repeated social stress during the last week of pregnancy (Brunton and Russell, 2010) .
Sex steroids influence HPA axis responses to stress . Testosterone suppresses, whereas estrogen enhances HPA responses to acute stress, such that females typically display greater stress responses than males Viau et al., 2005) . Progesterone treatment has little effect on the ACTH response to IL-1␤ in female rats (Brunton et al., 2009 ), but the progesterone metabolite, allopregnanolone (AP) suppresses HPA axis responses to stress in both sexes (Patchev et al., 1996; Brunton et al., 2009) .
Progesterone and testosterone are metabolized into the neuroactive steroids, AP (5␣-pregnan-3␣-ol-20-one) and 3␤-androstanediol (5␣-androstane-3␤,17␤-diol; 3␤-diol), respectively. Progesterone and testosterone are first converted into dihydroprogesterone (DHP) and dihydrotestosterone (DHT), respectively, by 5␣-reductase (Mellon and Vaudry, 2001 ). 3␣-Hydroxysteroid dehydrogenase (3␣HSD) converts DHP into AP (Mellon and Vaudry, 2001) , whereas 3␤-diol is synthesized from DHT by several enzymes: 3␣HSD, 3␤HSD, and 17␤HSD (Gangloff et al., 2003; Steckelbroeck et al., 2004; Fig. 1) . The brain produces both AP and 3␤-diol, with the synthesizing enzymes found in astroglia, and 5␣-reductase activity found in neurons (Compagnone and Mellon, 2000) . Allopregnanolone is an allosteric modulator at postsynaptic GABA A receptors, enhancing effectiveness of GABA inhibition , whereas 3␤-diol (which has negligible activity at the androgen receptor) acts, particularly on HPA axis activity, via estrogen receptor-␤ (ER␤; Handa et al., 2009) . Accumulating evidence indicates a role for 5␣-reduced steroid metabolites (e.g., AP, 3␤-diol) in dampening HPA axis responses to stress (Patchev et al., 1994; Lund et al., 2006; Brunton et al., 2009; Handa et al., 2009 ). Hence, impaired central neurosteroid mechanisms could explain the hyperresponsive HPA phenotype observed in prenatally stressed (PNS) rats.
Here, we hypothesized that deficits in central 5␣-reduced neurosteroid production in offspring born to mothers exposed to social stress during pregnancy underlie the enhanced HPA axis responses to stress. We used systemic administration of IL-1␤ as a stressor in the offspring, because it acts via a clearly defined pathway from nucleus tractus solitarii (NTS) A2 noradrenergic neurons to the paraventricular nucleus (PVN) corticotropin releasing hormone (CRH) neurons (Ericsson et al., 1994; Brunton et al., 2005) . We tested in PNS offspring, whether: (1) peripheral administration of 5␣-reduced steroids normalizes HPA axis responses to IL-1␤, aiming to test actions of female and male neurosteroids according to sex; (2) there are differences in nodes regulating PVN CRH neurones in the central expression of 5␣-reductase mRNA (indicator of neurosteroidogenic capacity); and (3) upregulating expression of genes for 5␣-reductase and 3␣HSD in the NTS in females reverses HPA axis programming.
Materials and Methods
Animals. Female Sprague-Dawley rats weighing between 255 and 305 g on arrival were purchased from Charles River Laboratories. Rats were housed in open-top cages in a specific pathogen-free rodent facility, initially in groups of four to six, under standard conditions of temperature (20Ϫ21°C), humidity (50 -55%), and lighting (12 h light/dark cycle, lights on at 08:00 h) with food and water ad libitum. Following acclimatization in the animal facility for Ն1 week, female rats were paired overnight with a sexually experienced male (from the in-house colony) and mating was confirmed by the presence of a semen plug in the breeding cage the following morning. This was designated day 1 of pregnancy (where the expected day of parturition was day 22). Pregnant rats were caged individually from gestational day 14. The numbers of rats in each group (range, 5-12) are given in the relevant figure legends. All procedures were performed with approval from the University of Edinburgh Ethical Committee and in accordance with current UK Home Office legislation.
Social stress procedure. Pregnant rats (n ϭ 24) were placed in the cage of an unfamiliar lactating "resident" rat (between days 2-8 of lactation, where day 1 was the day of parturition) for 10 min on 5 consecutive days (days 16 -20 of gestation), between 09:00 and 11:30 h. The pregnant "intruder" rats were paired with a different lactating resident each day (Brunton and Russell, 2010) . To defend their young, the lactating residents exhibit aggressive behavior toward intruders, which show defensive behavior and HPA axis responses (Neumann et al., 2001) . Following the last social stress exposure (on day 20) pregnant rats were returned to their home cage and left undisturbed, except for routine husbandry, through parturition and lactation until weaning. Pregnant controls (n ϭ 25) remained in their home cage throughout, except for daily weighing and routine husbandry.
On the day of parturition, the litter size, pup birth weights, and malefemale ratio were recorded. The litters remained with the dams until weaning on postnatal days 21-22 (litter sizes were not adjusted). Follow- ing weaning, the offspring were housed in groups of same-sex littermates until experiments began. To avoid within-litter effects, offspring for subsequent experiments were randomly selected across different litters; i.e., 1 male and 1 female from each litter were used to directly compare differences between control and PNS offspring. In cases where four experimental groups were used, two rats of each sex per litter were selected, with one being assigned to the "treated" group (e.g., drug) and the other assigned to the "nontreated" group (e.g., vehicle).
Jugular vein cannulation and blood sampling. Four days before the blood sampling experiments, rats were fitted with a silicone (bore, 0.5 mm; wall, 0.25 mm) jugular vein cannula filled with sterile heparinized (50 U/ml) saline (0.9%) under halothane inhalational anesthesia (2-3% in 1200 ml/min oxygen). On the day of blood sampling (between 08:00 -09:00 h), each silicone cannula was connected to PVC tubing filled with sterile heparinized 0.9% saline and connected to a 1 ml syringe. Rats were left undisturbed for 90 min before blood sampling commenced. Blood samples (0.3 ml) were collected in syringes containing 20 l chilled 5% (w/v) EDTA and kept on ice. Plasma was separated by centrifugation and stored at Ϫ20°C until subsequent assay. Withdrawn blood was replaced with an equivalent volume of warmed sterile 0.9% saline.
Experiment 1: effect of AP pretreatment on HPA axis responses to IL-1␤ in control and PNS rats. To test whether AP treatment could normalize the exaggerated HPA axis responses to interleukin-1␤ (IL-1␤) in PNS rats, blood samples were collected from gonadally intact male and female control and PNS rats (n ϭ 5-8 rats/group) treated with AP (3 mg/kg and 1 mg/kg s.c.; 20 and 2 h before IL-1␤, respectively; Steraloids) or vehicle (15% ethanol in corn oil; 0.5 ml/kg). Two basal blood samples were collected 30 min apart from male (aged 11-12 weeks) and female (aged 13-14 weeks; selected at random stages of the estrous cycle) control and PNS offspring. All rats were administered 500 ng/kg human recombinant interleukin-1␤ intravenously (1 g/ml dissolved in 0.2% bovine serum albumin in PBS; R&D Systems). Further blood samples were collected 15, 30, 60, and 90 min after treatment. Rats were killed by conscious decapitation 4 h after IL-1␤ injection and trunk blood was collected in chilled 5% EDTA (0.2 ml/100 g body weight), and plasma separated and stored as above.
Experiment 2: effect of 3␤-diol pretreatment on HPA axis responses to IL-1␤ in control and PNS male rats. To test whether 3␤-diol treatment could normalize the exaggerated HPA axis responses to IL-1␤ in male PNS rats, blood samples were collected from gonadally intact male control and PNS rats (n ϭ 7-9 rats/group) treated with 3␤-diol (1 mg/kg s.c.; 20 and 2 h before IL-1␤, respectively; Apin Chemicals) or vehicle (8% ethanol in sesame oil; 0.5 ml/kg). Two basal blood samples were collected 30 min apart from male (ϳ20 weeks of age) control and PNS offspring. All rats were administered 500 ng/kg IL-1␤ intravenously, blood sampled, and killed as in Experiment 1. Brains were rapidly removed, frozen on dry ice, and stored at Ϫ75°C until sectioning and in situ hybridization (ISH) processing for CRH mRNA.
As 3␤-diol can exert its effects on HPA axis stress reactivity via estrogen receptor-␤ (ER-␤) in the PVN, we tested whether mRNA expression for ER-␤ is downregulated in the PVN of PNS rats. We also quantified ER-␤ mRNA in the A2 region of the NTS, given this brain area is an important relay in IL-1␤-stimulated activation of the HPA axis. Separate groups of six untreated, gonadally intact male (13-14 weeks old) control and PNS rats were killed by conscious decapitation. Brains were removed, frozen on dry ice, and stored at Ϫ75°C until sectioning and ISH processing for ER-␤ mRNA (see In situ hybridization, below).
Experiment 3: 5␣-reductase mRNA expression in control and PNS rats. Directly quantifying neurosteroid concentrations in specific discrete brain regions presents a number of technical challenges (e.g., as a result of high heterogeneity in the brain and low physiological concentrations of the neurosteroids of interest; Taves et al., 2011) . The limited sensitivity of current methods dictates a loss of neuroanatomical specificity and precludes measurements in highly localized brain regions, such as the PVN or NTS. As the expression of steroidogenic enzymes determines the steroidal milieu of different brain regions (Do Rego et al., 2009) , we quantified mRNA expression in situ for the steroidogenic enzymes of interest (instead of products of these enzymes), as an indication of potential local neurosteroid production. Thus, to establish whether prenatal stress reduces the capacity for central neurosteroid production in PNS rats, we quantified the central expression of 5␣-reductase (the ratelimiting enzyme) mRNA. Groups of 7-8 untreated, gonadally intact male and female (18 -19 weeks old) control and PNS rats were killed by conscious decapitation. Brains and brainstems were removed, frozen on dry ice, and stored at Ϫ75°C until sectioning and ISH processing (see In situ hybridization, below).
Adenoviral vectors. To evaluate whether by upregulating gene expression for 5␣-reductase and 3␣-HSD in the NTS (this area was selected as we found a significant reduction in 5␣-reductase mRNA expression in both male and female PNS rats, whereas the NTS plays a critical role in mediating the actions of IL-1␤ on the HPA axis; Ericsson et al., 1994) we could normalize the HPA axis response to IL-1␤ in PNS rats, two types of adenovirus were generated. One expressing 5␣-reductase type 1 (AdV-5␣R) and the other expressing 3␣-HSD (AdV-3␣HSD), both driven by the cytomegalovirus (CMV) promoter and coexpressing enhanced green fluorescent protein (eGFP) to aid visualization of the transfected areas.
Total RNA was extracted from tissues using TRIZOL reagent in accordance with the manufacturer's protocol (Invitrogen). For cDNA synthesis, 1 g of rat brain total RNA was reverse transcribed using Invitrogen SuperScript II reverse transcriptase with random primers, as recommended by the manufacturer. The cDNA encoding 5␣-reductase-1 was excised from pCMV4 (kindly provided by J. Ian Mason, University of Edinburgh) using restriction enzymes Cla1 and BamH1, and inserted into corresponding restriction sites of the shuttle vector, pacAd5.CMV .IRES.GFP. The cDNA encoding 3␣-HSD was amplified using primers: 3␣-HSD-forward (5Ј-GCCTCGAGGCGTAACAAGCGATGGATCC-3Ј) and 3␣-HSD-reverse (5Ј-CCGATAGAAATGCTGACAAAGTCCACCA-3Ј). The PCR product was digested with Xho1 and BglII (native sequence) and ligated into compatible sites of adenoviral vector pacAd5. CMV.IRES.GFP (Cell Biolabs). Adenoviral vector pacAd5.CMV.GFP (Cell Biolabs) expressing eGFP was used as a control. The adenoviruses were generated by cotransfection of viral shuttle/backbone in HEK293T cells in accordance with the manufacturer's guidelines. The adenoviruses were purified by two rounds of CsCl ultracentrifugation and desalted using Slide-A-Lyzer dialysis cassettes (Pierce, Thermo Scientific) to the following titers (plaque-forming units; PFU, per ml): Ad-5␣R, 1.7 ϫ 10 11 PFU/ml and Ad-3␣HSD, 1.3 ϫ 10 11 PFU/ml. The purified viruses were stored at Ϫ80°C until use.
In vivo adenovirus-mediated gene transfer into the NTS. On day 1, 40 gonadally intact female PNS rats (20 -21 weeks old) were anesthetized with a mixture of ketamine (60 mg/kg) and medetomidine (250 g/kg) via intramuscular injection, and placed in a stereotaxic frame (Stoelting). A midline skin incision was made over the occipital bone and dorsal neck, the superficial neck muscles were separated, and the dorsal medulla exposed. Two groups of PNS rats were injected. The first received NTS microinjections of AdV-5␣R and AdV-3␣HSD. We administered both adenoviruses to ensure that there would be sufficient 3␣HSD in the NTS to metabolize any DHP produced by action of 5␣-reductase into AP. A second group of PNS rats received bilateral microinjections of the control AdV-eGFP only. Midline microinjections (500 nl) of the adenoviruses were made with glass micropipettes into the A2 region of the NTS (0.3-0.5 mm rostral to the calamus scriptorius, depth of 0.3 mm from the dorsal surface of the brainstem). Following the microinjections, the muscles and skin were sutured with 3-0 surgical silk (Ethicon) and anesthesia reversed with a subcutaneous injection of atipamezol (1 mg/kg, i.m.). Rats were then housed singly in cages placed on a heat pad overnight for recovery. Rats were given the equivalent of 0.5 mg/kg buprenorphine (Vetergesic) orally (dissolved in a cube of strawberry flavored jelly) after surgery and again the following day.
Experiment 4: effect of adenovirus-mediated 5␣-reductase and 3␣-HSD gene transfer into the NTS on basal gene expression. Sixteen PNS rats that underwent the NTS microinjection surgery (i.e., 8 transfected with AdV-5␣R and AdV-3␣HSD and 8 transfected with AdV-eGFP) were killed under basal conditions (i.e., no stress) by conscious decapitation 9 d after the NTS surgery to: (1) confirm the adenovirus-mediated gene transfer into the NTS increased 5␣-reductase and 3␣-HSD mRNA expression in the NTS, and (2) to establish whether adenovirus-mediated gene transfer into the NTS altered basal expression of CRH mRNA in the parvocellular division of the PVN (pPVN). To confirm progesterone treatment alone (used in Experiment 5) does not affect 5␣-reductase or 3␣-HSD mRNA expression in the NTS or CRH mRNA expression in the pPVN, two other groups were used: one group of eight vehicle-treated age-matched female controls and one group of eight age-matched female controls administered progesterone (dissolved in arachis oil; 5 mg/rat and 1 mg/rat, s.c. ca., 24 and 5 h before killing, respectively). Rats were killed by conscious decapitation, and brains and brainstems were rapidly removed, frozen on dry ice, and stored at Ϫ75°C until sectioning and ISH processing. Injection sites were verified by localization of eGFP in the NTS. Rats in which the AdV injection was outside the NTS were excluded from analysis.
Experiment 5: HPA axis responses in PNS rats following adenovirusmediated upregulation of 5␣-reductase and 3␣-HSD mRNA levels in the NTS. On day 8, 24 of the PNS rats (12 that were injected with AdV-5␣R and AdV-3␣HSD and 12 that were injected with AdV-eGFP) were fitted with a jugular vein cannula (see Jugular vein cannulation, above). To ensure a steady source of AP precursor, PNS rats were administered progesterone (dissolved in arachis oil; 5 mg/rat and 1 mg/rat, s.c., 20 and 2 h before IL-1␤, respectively). On day 10, rats were blood sampled before and after IL-1␤ administration. Two basal blood samples were collected 30 min apart, and then all rats were administered 500 ng/kg of IL-1␤ intravenously (as in Experiment 1). Further blood samples were collected 15, 30, 60, and 90 min after treatment, as in Experiment 1, for plasma separation. An additional eight age-matched female control rats (that had not undergone stereotaxic surgery, but were fitted with a jugular vein cannula) were blood sampled simultaneously for comparison purposes. Rats were killed by conscious decapitation 4 h after IL-1␤ injection, and trunk blood was collected and plasma separated and stored as in Experiment 1. Brains and brainstems were rapidly removed, frozen on dry ice, and stored at Ϫ75°C until sectioning and ISH processing. Injection sites were verified by localization of eGFP in the NTS. Rats with the AdV injection outside the NTS were excluded from analysis.
Radioimmunoassays. ACTH concentrations were determined in unextracted plasma using a two-site coated tube immunoradiometric kit (Euro-diagnostica and Biosource). Assay sensitivity was 1 pg/ml, and intra-assay variation was 6 -9%. Corticosterone was measured using a commercially available radioimmunoassay kit (MP Biomedicals). Assay sensitivity was 25 ng/ml and intra-assay variation was 8 -10%. Plasma total testosterone (albumin and sex hormone binding globulin, bound ϩ free) and free testosterone (unbound) concentrations were measured using commercially available radioimmunoassay kits (MP Biomedicals). The assay sensitivity was 0.1 ng/ml for the total testosterone assay and 0.25 pg/ml for the free testosterone assay. Intra-assay variation was 8% and 5% for the total and free testosterone assays, respectively. Plasma progesterone concentrations were determined in unextracted plasma using a commercially available kit (Diagnostics Systems Laboratories). The assay sensitivity was 0.12 ng/ml and intra-assay variation was 7%. In each case, all samples from an individual experiment were assayed together.
In situ hybridization. Coronal 15 m brain and brainstem sections were cut on a cryostat, thaw-mounted onto polysine slides, and stored in desiccated boxes at Ϫ75°C until ISH processing.
35 S-UTP-labeled cRNA probes were used to detect rat CRH, ER␤, 5␣-reductase type I (Srd5a1; the predominant isoform expressed in the brain; Compagnone and Mellon, 2000) and 3␣-hydroxysteroid dehydrogenase (3␣-HSD; Akr1c9) mRNA. To detect CRH mRNA, 35 S-UTP-labeled riboprobes were synthesized from a linearized Bluescript KS vector expressing a 519bp rat CRH cDNA fragment (generously provided by Megan Holmes, University of Edinburgh, UK). The plasmid was linearized with HindIII and XbaI, and sense and antisense riboprobes transcribed with T7 and T3 polymerase (Riboprobe Systems, Promega), respectively. For ER␤ mRNA, 35 S-UTP-labeled riboprobes were synthesized from the linearized pBluescript KS vector expressing a 400 bp cDNA fragment encoding rat ER␤ (generously provided by Megan Holmes, University of Edinburgh, UK). The plasmid was linearized with AccI and EcoRI, and sense and antisense cRNAs incorporating 35 S-UTP were transcribed from the T7 and T3 promoters, respectively. To detect rat 5␣-reductase type I mRNA (Compagnone and Mellon, 2000) , 35 S-UTP-labeled cRNA sense and antisense probes were synthesized from the linearized pBluescript SK vector expressing a 344 bp (nucleotides 991-1334) cDNA fragment encoding rat 5␣-reductase type I (generously provided by Marcel Karperien, Leiden University Medical Center, The Netherlands). The plasmid was linearized with XhoI and XbaI and sense and antisense cRNAs incorporating 35 S-UTP were transcribed from the T3 and T7 promoters (Riboprobe Systems, Promega), respectively. To detect 3␣-HSD mRNA, 35 S-UTP-labeled sense and antisense riboprobes were generated from the linearized pGEM3 vector expressing a 982 bp (nucleotides Ϫ129 to ϩ853) cDNA fragment encoding rat 3␣-HSD (generously provided by Trevor Penning, University of Pennsylvania, Philadelphia, PA). The plasmid was linearized with SalI and SspI and transcribed using T7 and SP6 polymerase (Riboprobe Systems, Promega), for the sense and antisense riboprobes, respectively. ISH was performed as previously described in detail (Brunton et al., 2009 ). For each experiment, all sections were processed together for any given probe. Following hybridization, sections were washed stringently in saline sodium citrate buffer and treated with RNase A as previously described (Brunton et al., 2009) .
Sections were dehydrated, dipped in autoradiographic emulsion (Ilford K-5) and exposed at 4°C for: 4 weeks for CRH and ER-␤, 7 weeks for 5␣-reductase, and 10 weeks for 3␣-HSD (Brunton et al., 2009 ). Slides were next developed (Kodak D-19, Sigma-Aldrich), fixed (Hypam rapid fixer, Ilford), and counterstained with hematoxylin and eosin. In each case, brain sections hybridized with 35 S-UTP-labeled cRNA sense probes or unlabeled cRNA antisense probes showed no signal above background.
Autoradiographs were quantified by measuring the area of each region of interest (e.g., PVN) and the silver grain area overlying the region (ImageJ software, v1.46, NIH). Data are presented as grain area/brain area (mm 2 /mm 2 ). Background measurements were made over areas adjacent to the region-of-interest, converted to mm 2 /mm 2 and subtracted. Measurements were made over 12-20 regions of interest per rat (i.e., bilateral measurements in 6 -10 sections/rat). For all ISH measurements, average values for each rat were used to calculate group mean Ϯ SEM.
Statistical analysis. Sigma plot software (v11.0, Systat Software) was used. The specific statistical tests used are given in the results section and/or appropriate figure legends. Generally, two-way repeatedmeasures (RM) ANOVA was used to analyze treatment effects across time for plasma hormone data and two-way ANOVA, Student's t test or Mann-Whitney rank sum test was used to analyze ISH data. Specific differences were isolated using Student-Newman-Keuls multiplecomparison post hoc tests. Values shown are group mean Ϯ SEM; p Յ 0.05 was considered significant.
Results
Effect of prenatal stress exposure on maternal weight gain, litter size, and offspring birth weight Maternal weight gain was not significantly affected by prenatal stress exposure [mean weight gain in 3 cohorts of controls (n ϭ 25 rats) was 11.9 Ϯ 1.7% vs 12.5 Ϯ 0.9% in the stress exposed groups (n ϭ 26 rats); n.s., Student's t test]. Prenatal stress had no significant effect on either litter size or the proportion of malefemale pups in any of the litters (Table 1) . Birth weight was significantly lower in both PNS males and PNS females than control offspring (Table 1) . 
Effect of AP pretreatment on ACTH and corticosterone responses to IL-1␤ in control and PNS rats Females
There was no significant difference in basal plasma ACTH concentrations between female control and PNS rats (Fig. 2a,b ). There was a significant effect of treatment (F (3,108) ϭ 2.92; p ϭ 0.047) and time (F (6,108) ϭ 39.7; p Ͻ 0.001, two-way RM ANOVA) on plasma ACTH concentrations in female rats following IL-1␤ administration (Fig. 2a,b) . In vehicle-pretreated groups, IL-1␤ increased ACTH concentrations significantly in both the control ( p Ͻ 0.001) and PNS female rats ( p Ͻ 0.001); however, the response was significantly greater in the PNS/vehicle group ( p Ͻ 0.05; Fig. 2a,b) . IL-1␤ also significantly increased ACTH secretion in both the AP-treated groups (control, p Ͻ 0.001; PNS, p ϭ 0.015); however, the response was significantly suppressed by AP treatment in both the control ( p ϭ 0.026) and PNS ( p Ͻ 0.001) groups compared with the vehicle-treated groups (Fig. 2a,b) . There was no significant difference in basal corticosterone concentrations between female control and PNS rats (mean Ϯ SEM plasma concentrations were as follows: control/oil group ϭ 94.8 Ϯ 38.9 ng/ml, n ϭ 6; control/AP group ϭ 69.8 Ϯ 18.8 ng/ml, n ϭ 7; PNS/oil group ϭ 42.2 Ϯ 10.4 ng/ml, n ϭ 5; PNS/AP group ϭ 63.6 Ϯ 36.6 ng/ml, n ϭ 5; two-way ANOVA). There was a significant effect of treatment (F (1,19) ϭ 4.48; p ϭ 0.048; twoway ANOVA) on IL-1␤-induced corticosterone secretion in females. Thirty minutes after systemic IL-1␤, the increase in corticosterone secretion was significantly greater in the vehiclepretreated PNS females than in the vehicle-pretreated control females ( p ϭ 0.01; Fig. 2c ). The increase in corticosterone secretion 30 min after IL-1␤ administration was significantly lower in the AP-pretreated PNS females compared with the vehiclepretreated PNS females ( p ϭ 0.034; Fig. 2c ).
Males
There was no significant difference in basal plasma ACTH concentrations between male control and male PNS rats (Fig. 2d,e) . There was a significant effect of time (F (6,138) ϭ 37.5; p Ͻ 0.001, two-way RM ANOVA) on ACTH secretion in male rats (Fig.  2d,e) . In vehicle-pretreated rats, IL-1␤ significantly increased plasma ACTH concentration in both the control ( p ϭ 0.002) and PNS rats ( p Ͻ 0.001); however, as expected the amplitude of the response was greater in the PNS males ( p ϭ 0.005; Fig.  1d ,e). Allopregnanolone treatment had no significant effect on the ACTH response to IL-1␤ in either the control or PNS males (Fig. 2d,e) .
There was no significant difference in basal corticosterone concentrations between the vehicle-pretreated control and PNS male rats, however, there was a significant effect of AP treatment on basal corticosterone in the PNS males (mean Ϯ SEM plasma concentrations were as follows: control/oil group ϭ 49.2 Ϯ 11.7 ng/ml, n ϭ 7; control/AP group ϭ 35.5 Ϯ 11.6 ng/ml, n ϭ 8; PNS/oil group ϭ 68.2 Ϯ 12.6 ng/ml, n ϭ 7; PNS/AP group ϭ 28.2 Ϯ 2.2 ng/ml, n ϭ 6; F (1,24) ϭ 6.0, p ϭ 0.022, two-way ANOVA). There was a significant effect of prenatal experience (F (1,19) ϭ 4.7, p ϭ 0.043; two-way ANOVA) on IL-1␤-induced corticosterone secretion in males. Thirty minutes after systemic IL-1␤, the increase in corticosterone secretion was significantly greater in the vehicle-pretreated PNS males than in the vehicle-pretreated control males (p Ͻ 0.05; Fig.  2f ). AP treatment had no significant effect on the corticosterone response to IL-1␤ in either the control or the PNS males (Fig. 2f) .
Sex differences
As expected, there was a significant sex difference in the ACTH response to IL-1␤ in the vehicle-treated control rats (F (1,21) ϭ 4.9, p ϭ 0.038, two-way ANOVA; Fig. 2a,d ) with greater peak concentrations in the females than in the males. The peak ACTH response was not significantly different between the vehicle treated male and female PNS rats. No significant sex difference was detected in the corticosterone response to IL-1␤.
Effect of 3␤-diol pretreatment on HPA axis responses to IL-1␤ in male control and PNS rats
There was no difference in basal plasma ACTH concentration between any of the groups (Fig. 3a) . There was a significant effect of treatment group (F (3,157) ϭ 2.7, p ϭ 0.048; two-way RM ANOVA) and time (F (6,157) ϭ 19.2, p Ͻ 0.001; two-way RM ANOVA) on ACTH secretion. As before, the ACTH response to IL-1␤ was significantly greater in the vehicle-treated male PNS rats compared with the male control rats (3.2-fold greater at 30 min; p Ͻ 0.001; Fig. 3a ). 3␤-Diol had no significant effect on the ACTH response to IL-1␤ in the male control rats; however, the response was significantly attenuated by 3␤-diol in the male PNS group ( p Ͻ 0.001; Fig. 3a ).
There was a significant effect of treatment group (F (3,97) ϭ 4.2, p ϭ 0.01; two-way RM ANOVA; Fig. 3b ) and time (F (4,97) ϭ 66.5, p Ͻ 0.001; two-way RM ANOVA; Fig. 3b ) on plasma corticosterone concentrations. Consistent with the ACTH data, basal corticosterone secretion was not significantly different between any of the groups (Fig. 3b) . IL-1␤ evoked a significant corticosterone response in all of the groups ( p Ͻ 0.001); however, the response was significantly greater in the vehicle-pretreated PNS male rats compared with the controls ( p ϭ 0.02 at 60 min time point; Fig.   Figure 3 . Effect of 3␤-diol pretreatment on HPA axis responses to IL-1␤ in male control and PNS rats. Control and PNS male rats were treated with either vehicle (oil) or 3␤-diol (1 mg/kg, s.c.) 20 and 2 h before IL-1␤. After two basal (B) blood samples (at t ϭ Ϫ31 and Ϫ1 min), all rats were administered IL-1␤ (500 ng/kg, i.v.) at t ϭ 0 min. Further blood samples were taken 15, 30, 60, and 90 min after IL-1␤. Trunk blood was collected at t ϭ 240 min. a, Plasma ACTH concentrations before and after IL-1␤ challenge: *p Ͻ 0.05 versus B values in the same group; #p Ͻ 0.005 versus all other groups at the same time point (two-way RM ANOVA). b, Plasma corticosterone concentration before and after IL-1␤ challenge: *p Ͻ 0.003 versus B values in the same group; #p Ͻ 0.04 versus all other groups at the same time point (two-way RM ANOVA). Quantification of (c) CRH mRNA expression in the parvocellular division of the PVN (pPVN) 4 h after IL-1␤ administration. CRH mRNA expression levels are expressed as grain area/PVN area (mm 2 /mm 2 ); *p Ͻ 0.002 versus respective oil group; #p Ͻ 0.001 versus control/oil group (two-way ANOVA). In each case values are group mean Ϯ SEM and n ϭ 7-9 rats/group (exact numbers are given in parentheses in the relevant key or within the bars). d, Representative bright-field CRH mRNA ISH autoradiographs of coronal PVN sections from (di) control/oil; (dii) control/3␤-diol; (diii) PNS/oil; and (div) PNS/3␤-diol groups. Scale bar, 100 m. 3b). 3␤-Diol had no significant effect on the corticosterone response to IL-1␤ in the male control rats; however, 3␤-diol significantly attenuated the corticosterone response to IL-1␤ in the male PNS rats ( p ϭ 0.03; Fig. 3b ).
There was a significant effect of prenatal experience (F (1,31) ϭ 44.5, p Ͻ 0.001; two-way ANOVA) and 3␤-diol treatment (F (1,31) ϭ 59.2, p Ͻ 0.001; two-way ANOVA) on CRH mRNA expression in the PVN. Four hours after systemic IL-1␤, CRH mRNA expression was significantly greater in the vehicle-pretreated male PNS rats than in the control rats ( p Ͻ 0.001; Fig. 3c,d ). 3␤-Diol significantly reduced CRH mRNA expression after IL-1␤ in both the male control ( p ϭ 0.002; Fig.  3c,d ) and PNS rats ( p Ͻ 0.001; Fig. 3c,d ) compared with those pretreated with vehicle.
Effect of prenatal stress on ER␤ mRNA expression in the PVN As 3␤-diol has been shown to exert its effects on HPA axis stress reactivity via ER␤ in the PVN ), we quantified mRNA for ER␤ in this region. As IL-1␤ signals to the CRH neurons in the PVN via the NTS (Ericsson et al., 1994) we also quantified ER␤ mRNA in the NTS. ER␤ mRNA expression was significantly lower, under basal conditions, in both the parvocellular (t (10) ϭ 3.36, p ϭ 0.007; Student's t test) and the magnocellular (t (10) ϭ 2.23, p ϭ 0.05; Student's t test) divisions of the PVN of male PNS rats compared with controls (Fig. 4a,b) . ER␤ mRNA expression was also significantly lower in the NTS (t (10) ϭ 2.68, p ϭ 0.02; Student's t test) of male PNS rats compared with controls, under basal conditions (Fig. 4c,d) .
Effect of prenatal stress on plasma testosterone and progesterone concentrations
Total plasma testosterone concentrations were significantly greater in PNS males compared with control males (t (28) ϭ Ϫ1.87, p ϭ 0.036; Student's t test; Table 2 ). A weak tendency for increased circulating free testosterone in PNS males (Table 2) was not statistically significant (t (25) ϭ Ϫ1.38, p ϭ 0.09). Plasma progesterone concentrations were significantly greater in PNS females compared with control females (t (29) ϭ Ϫ2.26, p ϭ 0.016; Student's t test; Table 2 ).
Effect of prenatal stress on central 5␣-reductase mRNA expression Males Prenatal stress was associated with reduced expression of 5␣-reductase mRNA in the PVN (t (12) ϭ 2.8, p ϭ 0.008; Student's t test; Fig. 5a ) and NTS (t (12) ϭ 3.6, p ϭ 0.002; Fig. 5a ), and in contrast, increased 5␣-reductase mRNA expression in the medial prefrontal cortex (t (12) ϭ 3.2, p ϭ 0.004; Fig. 5a ), Islands of Calleja (ICj; t (12) ϭ 2.3, p ϭ 0.02; Fig. 5a ), and dorsal part of the lateral septum (t (12) ϭ 3.3, p ϭ 0.006; Fig. 5a ).
Females
Fewer brain regions showed changes in 5␣-reductase mRNA expression in PNS females. PNS was associated with a significant decrease only in the NTS (t (12) ϭ 1.9, p ϭ 0.04; Fig. 5b) , and with an increase only in the ICj (t (12) ϭ Ϫ2.8, p ϭ 0.008; Fig. 5b ).
There was no significant difference in 3␣-HSD mRNA expression in the NTS between control and PNS rats in either males or females (data not shown). Other brain regions were not examined.
Effect of adenovirus-mediated gene transfer into the NTS on basal gene expression in female PNS rats
5␣-Reductase mRNA 5␣-Reductase mRNA expression in the NTS under basal conditions was significantly greater in the PNS rats treated with AdV-5␣R/3␣-HSD compared with the rats given the AdV-eGFP (t (10) ϭ Ϫ1.9, p ϭ 0.04, Student's t test; Fig. 6ai ). Plasma testosterone in control (n ϭ 14) and PNS ( n ϭ 16) male rats. Plasma progesterone in control (n ϭ 8) and PNS (n ϭ 23) female rats. Data are mean Ϯ SEM. * indicates a significant difference versus controls (Student's t test). p values are given in the table.
3␣-HSD mRNA
Basal expression of 3␣HSD mRNA in the NTS was significantly greater in the PNS group administered the 5␣R/3␣HSD adenoviruses, compared with the PNS group given the control adenovirus (mean ranks of the AdV-eGFP group and the AdV-5␣R/ 3␣HSD group were 3.5 and 10, respectively; U ϭ 0, Z ϭ 2.93, p ϭ 0.003, Mann-Whitney rank sum test; Fig. 6bi ).
CRH mRNA CRH mRNA expression in the pPVN was significantly lower under basal conditions in the PNS group administered the 5␣R/3␣HSD adenoviruses, compared with the PNS group given the control adenovirus (t (13) ϭ 3.2, p ϭ 0.006 Student's t test; Fig. 6ci ).
Effect of progesterone treatment on basal gene expression in female rats
Progesterone treatment alone had no significant effect on the expression of 5␣-reductase (t (14) ϭ Ϫ0.04, p ϭ 0.971, Student's t test; Fig. 6aii ) or 3␣-HSD (mean ranks of the vehicle group and the progesterone group were 9.4 and 7.6, respectively; U ϭ 25, Z ϭ 0.68, p ϭ 0.497, Mann-Whitney rank sum test; Fig. 6bii ) mRNA expression in the NTS, nor CRH mRNA expression in the pPVN (t (14) ϭ 2.0, p ϭ 0.07, Student's t test; Fig. 6cii ) in control females.
Effect of upregulating 5␣-reductase and 3␣-HSD expression in the NTS on HPA axis responses to IL-1␤ in female PNS rats There was no difference in basal plasma ACTH concentration between the groups (Fig. 7a ). There was a significant effect of treatment (F (1,40) ϭ 4.7, p ϭ 0.048; two-way RM ANOVA) and time (F (3,40) ϭ 9.9, p Ͻ 0.001; two-way RM ANOVA) on ACTH secretion. The ACTH response to IL-1␤ was significantly attenuated in the PNS group transfected with AdV-5␣R/3␣HSD into the NTS compared with the PNS rats that received the control adenovirus (AdV-eGFP; p Ͻ 0.05; Fig. 7a ).
There was no significant difference in basal plasma corticosterone secretion. The increase in corticosterone secretion 30 min after IL-1␤ administration was significantly reduced in the AdV-5␣R/3␣HSD transfected PNS rats compared with AdV-eGFP transfected PNS rats (mean ranks of the AdV-eGFP group and the AdV-5␣R/3␣HSD group were 13.4 and 7, respectively; U ϭ 18, Z ϭ 2.36, p ϭ 0.018, Mann-Whitney rank sum test; Fig. 7b ).
Four hours after systemic IL-1␤, CRH mRNA expression was significantly lower in the PNS rats injected with AdV-5␣R/ 3␣HSD into the NTS than in the AdV-eGFP transfected rats (t (21) ϭ 2.39, p ϭ 0.013, Student's t test; Fig. 7c ). As expected, both 5␣R (t (19) ϭ Ϫ2.98, p ϭ 0.004, Student's t test) and 3␣HSD (mean ranks of the AdV-eGFP group and the AdV-5␣R/3␣HSD group were 7.67 and 15.44, respectively; U ϭ 14, Z ϭ Ϫ2.81, p ϭ 0.005, Mann-Whitney rank sum test) mRNA expression in the NTS was significantly greater in the PNS rats transfected with AdV-5␣R/3␣HSD into the NTS than in the AdV-eGFPtransfected rats (Fig. 7d,e) .
Discussion
This study has shown that the hyper-responsiveness of the HPA axis to IL-1␤, in offspring of mothers exposed to social stress in late pregnancy is likely attributable to deficient neuroactive steroid production in specific discrete regions in the brain; however there are distinct sex differences in the mechanisms involved. Overall the data indicate multistage reduced inhibitory actions and production of 3␤-diol on HPA axis stress responses in PNS males, and reduced actions and production of AP on HPA stress responses, localized to the NTS, in PNS females.
The well established sex difference in HPA axis responsivity to stress was evident: the ACTH response to IL-1␤ was greater in control females compared with control males. Given that the rats were gonadally intact, this is likely a consequence of the opposing actions of male and female gonadal steroids on HPA activity (Viau and Meaney, 1996; Figueiredo et al., 2007) . The sex difference was not evident in the PNS rats, which may reflect changes in the sex steroid milieu in these rats. The effect of testosterone in reducing HPA axis responses to stress in males is mediated via DHT and is not a result of aromatization of testosterone to estradiol (Lund et al., 2004) . However, the increased HPA axis responses to stress in PNS males could result from increased aromatization of testosterone, or a failure of testosterone to be converted into sufficient DHT in PNS males, as indicated by reduced 5␣R gene expression.
AP administration significantly reduced the ACTH response to IL-1␤ in both control and PNS females, consistent with our previous finding that AP reduces stress responses in female rats (Brunton et al., 2009) . AP acts as a positive allosteric modulator at GABA A receptors (Herd et al., 2007) . As GABA neurons provide a major inhibitory input to CRH neurons in the PVN (Cullinan et al., 2008) , AP may act upon GABA A receptors, within the PVN/ peri-PVN to increase GABAergic tone to the CRH neurons and/or within limbic, forebrain, or brainstem regions to influence their output, and hence attenuate HPA axis responses. The sensitivity of GABA A receptors to modulation by AP depends upon several factors, including receptor subunit composition (Belelli and Lambert, 2005) . Whether PNS alters GABA A receptor expression or subunit composition in females in such a way as to alter AP sensitivity is not known, though this has been described in males for other prenatal stress paradigms (Laloux et al., 2012) and in offspring exposed to excess corticosterone prenatally (Stone et al., 2001) . AP may prevent stimulation of CRH neurons in the PVN by noradrenaline, because ascending noradrenergic inputs to the PVN from the NTS play a critical role in mediating the effects of IL-1␤ on HPA axis activity (Ericsson et al., 1994) and AP has been shown to attenuate noradrenergic stimulation of CRH release in vitro (Patchev et al., 1994) . Alternatively, AP can activate an inhibitory endogenous opioid mechanism in the NTS (Brunton et al., 2009) .
In contrast to females, AP had no effect on the ACTH response to IL-1␤ in males. Allopregnanolone was previously shown to reduce the ACTH and corticosterone response to air-puff stress in males (Patchev et al., 1996) . The reason for the discrepancy could be the different doses of AP and/or different treatment regimens and/or different stress paradigms i.e., a transient emotional stressor, processed by rostral circuitry (Emmert and Herman, 1999) , by contrast with the prolonged IL-1␤ stressor used here, which acts via the NTS (Ericsson et al., 1994) . As the response to IL-1␤ in males was not affected by AP, the NTS is evidently not a site of AP action in males.
3␤-Diol did however normalize the HPA axis response to IL-1␤ in PNS males. Unlike AP, 3␤-diol evidently exerts its effects on HPA axis activity via ER␤ (Lund et al., 2006) . ER␤ mRNA and ER␤ immunoreactivity are expressed at high levels in PVN neurons, including those that synthesize CRH (Laflamme et al., 1998; Miller et al., 2004) , providing a basis for direct modulation by 3␤-diol of the activity of these neurons (Lund et al., 2006) . ER␤ is also expressed in the NTS (Shughrue et al., 1997) . Given this region is critical in IL-1␤ signaling to the PVN, ER␤ in the NTS could potentially permit indirect modulation of the HPA axis response to IL-1␤ by 3␤-diol. Indeed, selective ER␤ agonists reduce the stress-induced response of noradrenergic biosynthetic enzymes in the NTS (Serova et al., 2010) and HPA axis responses to stress ). Despite our finding that ER␤ mRNA expression was downregulated in the PVN and NTS in PNS males, treatment with 3␤-diol had central effects because it reduced pPVN CRH mRNA expression following systemic IL-1␤. Notably, ER␤ mRNA expression was also reduced in the magnocellular PVN in PNS male rats, where it is expressed in oxytocin neurons and is regulated by glucocorticoids (Somponpun et al., 2004) . ER␤ mediates stimulation of oxytocin gene expression by 3␤-diol, leading to the suggestion that increased oxytocin release in the PVN mediates the inhibition of CRH responses to stress by 3␤-diol (Sharma et al., 2012) .
Exogenously administered 3␤-diol was sufficient to overcome reduced expression of ER␤ mRNA. However, under normal conditions reduced ER␤ expression in the PVN and/or NTS may contribute to enhanced HPA axis responses to stress in PNS male rats. Confirmation is needed that 3␤-diol production in the hypothalamus of PNS males is reduced as a consequence of the reduced 5␣-reductase mRNA level measured in the PVN.
In males, PNS was associated with reduced expression of 5␣R mRNA in the PVN and NTS, brain regions that provide excitatory drive to the HPA axis (Ericsson et al., 1994) . Conversely, 5␣R mRNA expression was significantly increased in PNS males in the medial prefrontal cortex (mPFC) and the dorsal part of the lateral septum, limbic areas that exert an inhibitory influence over HPA axis activity Radley et al., 2006) . Locally produced 5␣-reduced steroids may act to suppress IL-1␤-stimulated HPA axis activity either by directly enhancing GABA inhibition within the PVN itself, inhibiting excitatory inputs to the PVN (e.g., the NTS A2 neurons) and/or by inhibiting PVNprojecting inhibitory GABA neurons upstream of the PVN (e.g., in the mPFC), thus reducing GABAergic tone to the CRH neurons. Because 5␣-reductase is also involved in corticosterone metabolism, altered 5␣-reductase expression, and hence altered glucocorticoid metabolism, may influence local glucocorticoid concentrations in the brain and potentially affect glucocorticoid feedback regulation of the HPA axis (Nixon et al., 2012) .
In PNS females, 5␣R mRNA expression was significantly reduced compared with control females only in the NTS. Thus, there is a distinct sex difference in the extent to which 5␣-reductase gene expression is affected by prenatal stress, with more regions affected in the brains of PNS males. Nevertheless, downregulation of 5␣-reductase mRNA expression in the NTS in the PNS females was associated with enhanced HPA axis responses to IL-1␤. The mechanism underlying the sex difference in the effect Figure 6 . Effect of 5␣-reductase and 3␣-HSD adenovirus injection into the NTS on gene expression under basal conditions in PNS female rats. Female PNS rats were injected with either Ad-eGFP or Ad-5␣R and Ad-3␣HSD. Nine days later, rats were killed by conscious decapitation and brains/brainstems removed for subsequent ISH to confirm the AdV treatment upregulated 5␣R and 3␣-HSD gene expression as planned. Two other groups were also included (but analyzed separately) to confirm progesterone treatment alone does not alter basal gene expression: a group of eight vehicle-treated female controls and a group of female controls administered progesterone, as given to the AdV-injected rats (dissolved in arachis oil; 5 mg/rat and 1 mg/rat s.c., ca., 24 and 5 h before killing, respectively). Quantification of (a) 5␣-reductase (5␣R) and (b) 3␣HSD mRNA expression in the NTS, and (c) CRH mRNA expression in the parvocellular division of the PVN, in (ai, bi, ci) PNS females injected with either AdV-eGFP or AdV-5␣R/3␣HSD, and (aii, bii, cii) control females treated with either vehicle or progesterone (as above). In each case, values are group mean Ϯ SEM and rat numbers are 6 -8/group; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 versus PNS/AdV-eGFP group (Student's t test/Mann-Whitney rank sum test).
conditions designed to have sex-specific effects, either potentially based on using neurosteroid-based therapy or at least using measurement of impact of other treatments on sex-specific neurosteroid mechanisms to better understand how treatments work.
